People with ESRD are at increased risk for cancer, but it is uncertain when this increased risk begins in the spectrum of chronic kidney disease (CKD). The aim of our study was to determine whether moderate CKD increases the risk for cancer among older people. We linked the Blue Mountains Eye Study, a prospective population-based cohort study of 3654 residents aged 49 to 97 yr, and the New South Wales Cancer Registry. During a mean follow-up of 10.1 yr, 711 (19.5%) cancers occurred in 3654 participants. Men but not women with at least stage 3 CKD had a significantly increased risk for cancer (test of interaction for gender P ϭ 0.004). For men, the excess risk began at an estimated GFR (eGFR) of 55 ml/min per 1.73 m 2 (adjusted hazard ratio [HR] 1.39; 95% confidence interval [CI] 1.00 to 1.92) and increased linearly as GFR declined. For every 10-ml/min decrement in eGFR, the risk for cancer increased by 29% (adjusted HR 1.29; 95% CI 1.10 to 1.53), with the greatest risk at an eGFR Ͻ40 ml/min per 1.73 m 2 (adjusted HR 3.01; 95% CI 1.72 to 5.27). The risk for lung and urinary tract cancers but not prostate was higher among men with CKD. In conclusion, moderate CKD (stage 3) may be an independent risk factor for the development of cancer among older men but not women, and the effect of CKD on risk may vary for different types of cancer.
Chronic kidney disease (CKD) is common in older people. Among those aged Ն50 yr, the prevalence of moderate (stage 3) CKD or worse, defined as estimated GFR (eGFR) Ͻ60 ml/min per 1.73 m 2 , is Ͼ20% in the United States and Australia. 1, 2 CKD is associated with significant morbidity and premature death. Cardiovascular complications and deaths are increased in the CKD population independent of traditional risk factors such as diabetes, hypertension, and dyslipidemia. [3] [4] [5] Increased cancer risk is also well defined in the end-stage kidney disease (ESKD) and kidney transplant populations. 6 -8 The overall cancer incidence after transplantation is approximately three-fold greater than in the general population.
Observational studies have suggested an increased cancer risk in people with early-stage CKD, before requiring dialysis or transplantation. 9, 10 An excess risk of 1.2 times for all cancers was reported during the 5 yr before renal replacement therapy in a populationbased cohort study of dialysis and transplant patients, but inclusion was limited to those who progressed to ESKD, and comorbidity data were limited. 6 Recently, an association between elevated albumin-tocreatinine ratio and cancer incidence was reported in a longitudinal population-based study of older individuals. 11 Previous studies have not evaluated the threshold of CKD that is associated with an increased risk for cancer, adjusted for measurement error in estimating the severity of CKD, or determined the independent effect of CKD after accounting for known risk factors for cancer. The aim of our study was to estimate the independent effect of mild to moderately reduced kidney function on the risk for incident cancers among older people and to identify the threshold at which any excess risk begins.
RESULTS
There were 3448 participants after excluding all prevalent cancers, and 399 (11.6%) of the 3448 participants were subsequently excluded because of incomplete blood serum creatinine profiles, leaving 3049 participants in our study. There were no statistically significant differences in demographic features and comorbidities among those included and excluded. Of those included, 42.5% were men (P ϭ 0.60), 57.9% received tertiary education (P ϭ 0.96), 6 .04% had diabetes (P ϭ 0.95), and 51% were current and/or ex-smokers (P ϭ 0.20). Of those excluded, 43.9% were men, 58.1% received tertiary education, 6.1% had diabetes, and 54.8% were current and/or ex-smokers. The mean follow-up period was 10.1 yr. The mean age of those included was 65.8 yr and among those excluded was 67.4 yr.
Baseline Characteristics of Study Participants
Baseline characteristics for participants stratified by gender and CKD status are shown in Table 1 . The eGFRs ranged from a maximum of 113 ml/min per 1.73 m 2 to a minimum of 14.5 ml/min per 1.73 m 2 . Only 50 (1.6%) had an eGFR Ͼ90 ml/min per 1.73 m 2 , 2153 (70.6%) had an eGFR of 60 to 90 ml/min per 1.73 m 2 , and 851 (27.9%) had an eGFR Ͻ60 ml/min per 1.73 m 2 . Of those with moderate CKD (eGFR Ͻ60 ml/min), 838 (27.5%) had an eGFR 30 to 60 ml/min per 1.73 m 2 and 12 (0.4%) had an eGFR 15 to 30 ml/min per 1.73 m 2 . No participants were on dialysis or had had a kidney transplant. All participants with CKD were older, had higher systolic BP (SBP), had a history of myocardial infarction, and had sun-related skin damage. In addition, women with CKD had higher levels Table 2 shows the incidence and frequency of the six most frequent cancers stratified by gender and CKD status. Breast cancer was the most frequent cancer in women, followed by colorectal cancer, melanoma, lung cancer, and urinary tract cancers. In men, prostate cancer was the most frequent, followed by colorectal, melanoma, lung, and cancers of the urinary tract system.
Univariate Analyses
Cumulative incidence curves of cancers in the study cohort during the course of follow-up are shown in Figures 1 and 2 Table 3 shows the unadjusted and adjusted hazard ratios (HRs) for all cancers by demographic and other risk factors, stratified by gender. Age and history of sun-related skin damage were independent risk factors for cancers in both men and women. After adjustment for age as well as variables significant in the univariate analysis (age group, smoking status, degree of sun-related skin damage, and diastolic BP [DBP]), men with reduced kidney function were at increased risk for cancer. The fully adjusted HR of incident cancer attenuated to 1.17 (95% confidence interval [CI] 1.03 to 1.32; P ϭ 0.015) for every 10-ml/min per 1.73 m 2 decrease in eGFR. In women, the association between cancer risk and reduced kidney function was not demonstrated. For women, There was no significant association between reduced kidney function and cancer risk at any of the thresholds of eGFR in women.
Cancer Site-Specific Analyses. Figure 5 shows the selected site-specific HR by gender and at different thresholds of eGFR. Reduced kidney function to the lowest threshold of eGFR (Ͻ40 ml/min) was significantly associated with lung (P Ͻ 0.001) and urinary tract cancers (P ϭ 0.04) in men but showed no significant association for colorectal, breast, and prostate cancers after adjustment for the effect of age, smoking status, sun-related skin damage, and DBP. There was no significant association between reduced kidney function (eGFR Ͻ40 ml/min) and site-specific cancers (breast cancer, P ϭ 0.33; colorectal cancer, P ϭ 0.81) in women. There were insufficient numbers of lung and urinary tract cancers below the eGFR Ͻ40 ml/ min per 1.73 m 2 in women to perform any conclusive analyses.
Sensitivity Analyses.
Exclusion of incident cancers diagnosed in the first 4 yr after baseline examination did not affect the association between reduced kidney function and overall cancer risk in men; 87 such cancers were excluded from the analysis, and the fully adjusted HR of incident cancer in men was 1.17 (95% CI 1.00 to 1.37; P ϭ 0.06) per 10-ml/min per 1.73 m 2 decrease in eGFR. In addition, the overall adjusted HR of incident cancers in men after excluding very elderly participants (age Ͼ85 yr at baseline) was 1.16 (95% CI 1.02 to 1.32; P ϭ 0.02) per 10-ml/min per 1.73 m 2 decrease in eGFR, showing no impact on the overall association between reduced kidney function and cancer risk.
DISCUSSION
These data suggest that the excess risk for cancer in men with kidney disease may not be limited to those on dialysis or with a transplant but also those with moderate CKD, which is present in approximately one third of the population aged Ն50 yr. Moderate CKD increases the risk for all cancers in men by approximately 40%, independent of other known risk factors such as age and smoking. The threshold of kidney dysfunction at which this risk begins is approximately an eGFR of 55 ml/ min, and risk increases linearly as the eGFR falls, reaching a maximum three-fold increased risk with GFR Յ40 ml/min per 1.73 m 2 , which is similar to the risk increase seen in dialysis and kidney transplant patients. 6, [12] [13] [14] The association between reduced kidney function (at a threshold of eGFR Ͻ40 ml/min per 1.73 m 2 ) also seems to be site specific for lung and urinary tract cancers.
Our findings are consistent with emerging literature showing that kidney disease is an independent risk factor for diseases in other organ systems and that this increased risk is not limited to severe kidney disease or ESKD but begins with early or mild to moderate kidney disease. Previously, excess risk associated with CKD was shown for increased all-cause mortality, primarily driven by cardiovascular outcomes for which very similar estimates of excess risk (approximately 40%) at similar thresholds (eGFR Ͻ60 ml/min per 1.73 m
2 ) for GFR were demonstrated. 15 Our observed link between cancer and CKD was limited to men only, and we did not show any relationship between cancer and CKD in women. There are no comparable studies in the pre-ESKD population, but a similar but less extreme finding has been reported in older kidney transplant recipients. Male recipients of kidney transplants had the highest overall cancer risk, compared with women who had received a transplant and the general population. 14, 16 Compared with women who had received a transplant, men who had received a transplant had a relative risk of 1.2 for nonskin and 2.2 for skin cancers. 8 A three-fold increase in the overall cancer risk was observed in men who had received a transplant compared with the general population. In contrast to our finding of no increased cancer risk in women with mildly to moderately reduced kidney function, there was a twofold increase in cancer incidence in women who had received a transplant compared with the general population. 8 A significant association was detected between urinary tract and lung cancers in men below the lowest threshold of eGFR defined in our study cohort. A similar observation was reported in a recent study showing a significant relationship between increasing levels of albumin-creatinine ratio and increased risk for bladder, renal, and lung cancers. 11 Given the consistent evidence of a two-to three-fold increased risk for virus-related neoplasms such as cervical cancers and non-Hodgkin lymphomas in transplant recipients, 6, 14 assessing the relationship between these cancers and reduced kidney function in our study cohort may have been a more robust approach, but there was insufficient statistical power to elucidate this further.
The precise biological explanation for the association between reduced kidney function and increased cancer risk in men is not clear and may be multifactorial. Some have suggested an association between vitamin D deficiency, which is . Adjusted HR for all sites and site-specific cancers by gender. ¶Adjusted for the effect of age, smoking status, sun-related skin damage, and DBP in men. #Adjusted for the effect of age, smoking status, and sun-related skin damage in women. *Unable to calculate HRs for urinary tract cancers in women with CKD and for melanoma in women and men with eGFR Ͻ40 ml/min per 1.73 m 2 . There were insufficient numbers of cancers at the threshold below the designated eGFR.
CLINICAL EPIDEMIOLOGY www.jasn.org highly prevalent among people with moderately reduced kidney function, 17, 18 and risk for prostate, breast, and colon cancer in the general population 19 -21 ; however, the results of our study are comparable to the findings in the transplant and dialysis populations 14 and show no site-specific increased risk for breast and prostate cancers in both men and women. CKD is also a proinflammatory state, [22] [23] [24] and there is now emerging evidence linking an association between chronic inflammation and risk for cancer. 25 Markers of inflammation, such as white blood cell count, have also been associated with an increased risk for cancer mortality in the general population. 26 -28 Our findings could represent a CKD threshold below which potential uremic factors associated with reduced kidney function increase the risk for cancer independent of other, well-established risk factors, such as iatrogenic immunosuppression used after transplantation. Future studies with greater statistical power assessing potential underlying mechanisms and sitespecific cancer risk factors are warranted.
The lack of positive association between cancer and moderate CKD in women was unexpected. There are a number of plausible explanations. With Ͼ1700 women followed for Ͼ10 yr, during which 240 developed cancer, we believe our study was sufficiently powered overall to detect an association between moderate CKD and overall cancer risk in women; however, there are important gender-related differences in the risk for organ-specific cancers that may explain why no association was found. First, exposure factors such as ethyl benzenes and phenacetin that caused the primary renal disease may also be responsible for cancers of the urinary tract. If this exposure occurred more frequently in men than women, then there may be resultant differential confounding effect on the associations of reduced kidney function with cancer risk between genders. 29 Second, it seems that the overall increased risk in men was driven mainly by lung and urinary tract cancers, so it is possible that meaningful analyses assessing the relationship between urinary tract cancers and reduced kidney function in women were not feasible as a result of the limited numbers available in our study cohort. In addition, serum creatinine concentration (or eGFR) is an imperfect measure of kidney function because serum creatinine, a breakdown product of muscle, is influenced not only by kidney function but also by age, gender, ethnicity, and body mass. 30, 31 In particular, it is less sensitive to detect reduced kidney function in women with mildly to moderately reduced kidney function. A serum creatinine-based estimated equation for kidney function in women may underestimate the true level of kidney function 32 and thus could have attenuated the true influence of CKD on cancer risk in women. Alternatively, there may indeed be true gender-based effect modification, with a lower threshold of Ͻ40 ml/min in women before the risk for cancer increased in women, for which our study has insufficient data to be conclusive.
Our study has a number of strengths. It is population based with very few missing baseline data and 31,620 person-years of follow-up. Detailed data on confounders were also available. Using linked data from a mandatory statewide cancer registry, we accurately ascertained all cancer diagnoses since inception of the cohort. It is possible that some cancers were not reported to this register because of interstate movement, but there is unlikely to be differential classification according to CKD stage, and this number is likely to be very small, because, since 1992, only 5% of the cohort have moved outside the district. 33 We excluded all prevalent cancers before the first survey for several reasons. Cancer, in particular cancer of the urinary tract and hematologic systems such as renal cell carcinoma and multiple myeloma, are known to result in CKD and reduced kidney function. Moreover, chemotherapeutic agents such as platinum-based chemotherapy can affect renal function adversely. In our analyses, Ͼ44% of the participants with prevalent cancer (excluded from the analyses) had an eGFR Ͻ60 ml/min per 1.73 m 2 . This was comparable to the findings from a recent study that showed that Ͼ30% of all prevalent cancer patients had an eGFR Ͻ80%. 34 By removing from the analyses all individuals with prevalent cancer, our observations showed that reduced kidney function may be an independent risk factor for cancer in men after adjusting for the effect of age, smoking, and sun-related skin damage.
Our study has a number of potential limitations. We excluded 11% of the original sample because of incomplete blood and serum profile, but this number is relatively small and those who were excluded were similar to the overall study population. Regrettably, testing for urinary protein was not undertaken, which may be regarded as a study weakness. Microalbuminuria is a marker of CKD and end organ damage. Post hoc analyses of longterm clinical trials and large prospective cohort studies had shown an association between microalbuminuria and cardiovascular risk. [35] [36] [37] [38] Analysis using albuminuria/proteinuria as another marker of CKD may have been useful as a potential independent risk factor for cancer. 11 The progression of CKD over time and the relationship with cancer was not evaluated because we had only measurements of serum creatinine at baseline. Findings from our study may not be generalizable to other populations such as blacks or indigenous Australians because the majority of our study participants were white. Early censoring of people who had CKD and died prematurely from causes other than cancer, such as cardiovascular disease, may have attenuated the true effect of reduced kidney function and cancer risk; however, if the effect were differential between men and women, then it would bias the effect toward the null in men but not in women, because the overall mortality is significantly greater in men than in women in our study cohort (results available upon request). Finally, although we had fully adjusted for all known risk factors for cancer available in the data set, residual confounding by other, unmeasured socioeconomic and epidemiologic factors such as the finer details of smoking (amount of cigarettes smoked per year or years of smoking) may also have occurred.
Understanding an individual's cancer risk is important for long-term clinical management strategies. Much emphasis has been placed on assessing and modifying cardiovascular risk in CKD via lipid lowering and dietary and exercise modification. Similarly, fruitful areas for future research should be to evaluate potentially modifiable risk factors for the prevention and CLINICAL EPIDEMIOLOGY www.jasn.org early detection of cancer. The impact of CKD on the treatment, prognosis, and survival of cancers should therefore be explored.
In conclusion, we report that moderately reduced kidney function may be an independent risk factor for cancer in older men and that this risk begins when GFR falls to approximately 55 ml/min and progressively increases as GFR declines further to 40 ml/min when a similar risk for patients on dialysis or transplant recipients is evident. Given that CKD of this severity affects 20% of the male population, our finding suggests that CKD prevention may be a novel and worthwhile strategy for reducing cancer risk in the general population.
CONCISE METHODS

Study Population
The Blue Mountains Eye Study (BMES) is a well-established population-based cohort study of predominantly white Australians. The main aim of the original study was to assess the prevalence, incidence, and risk factors of common eye disease but has since expanded to include other important health outcomes in older people. 33 Full details of recruitment methods are reported elsewhere. 33, 39 In brief, during 1992 through 1993, all noninstitutionalized permanent residents of two postal code districts in the Blue Mountains area, west of Sydney, who were born before January 1, 1943, were invited to participate in the study. The number of eligible individuals found in the first census differed from the Australian Census, conducted 3 mo earlier, by only six people. This study was conducted according to the recommendations of the Declaration of . 40 Self-reported history of smoking (yes or no), sun-related skin damage (mild, moderate, and severe), previous heart attack, alcohol consumption (categorized into 1 to 2, 3 to 4, 5 to 9, and Ͼ9 standard drinks per day), diabetes, coffee drinking (yes or no), oral contraceptive intake (yes or no), and age at menarche and menopause were recorded.
New South Wales Central Cancer Registry
The Central Cancer Registry (CCR) was established under the Public Heath Act of New South Wales 1991 to receive notifications of incident cancer in New South Wales. Notification of cancer is a statutory requirement for all public and private hospitals, radiotherapy, outpatient, and pathology departments. The CCR maintains a case-based register of all cancer diagnoses in individuals resident in New South Wales, except for nonmelanocytic skin cancers, since 1972. The rate of interstate movement is small and accounts for Ͻ3.2% of the total populations in New South Wales. 41 The CCR holds data on date and age at cancer diagnosis, site, histologic type, topography, and morphology.
Record Linkage
Ethics approval for this study was obtained from the Cancer Institute of New South Wales and the University of Sydney. The linkage process, using specialized probabilistic linkage software, was carried out by the Centre for Health Record Linkage (CheReL) at the Cancer Institute of New South Wales. Using key identifiers such as name, age, gender, address, and postcode from the BMES data set, CheReL created a unique data-linkage key that linked to records to the same person in the CCR database. The linkage process was repeated using six passes. Personnel at CheReL estimated the probabilities and set error thresholds for each pass. The probabilities then were aggregated into a score and checked against a threshold to determine whether a match was made. Manual clerical review was undertaken to improve the accuracy of the linked record.
Assessment of Incident Cancers
Incident cancer was defined as the first cancer diagnosed after the initial survey in 1992 through 1993. All incident cancers diagnosed before December 31, 2004 , were included. Diagnoses of incident cancers were coded using the International Classification of Diseases, Ninth Revision and International Classification of Diseases, Tenth Revision for cancers (C010 through C809). Nonmelanocytic skin cancers were excluded from the analysis because CCR New South Wales does not hold any information on skin cancers except for melanomas. Participants with cancers diagnosed before the initial survey (all prevalent cancers) were excluded from the analysis.
Statistical Analysis
Statistical analyses were performed using SAS 9.1 (SAS Institute, Cary, NC) and R 2.6.1. (R Foundation for Statistical Computing, Auckland, Australia). Baseline characteristics of participants with and without CKD were compared using t test, 2 tests, and ANOVA. For survival analyses, the follow-up period was defined from the time of first survey (1992 through 1993) to time of cancer diagnosis. Those who did not develop incident cancers were censored at the end of the follow-up period (December 31, 2004) . Participants who died during the follow-up period were censored at the time of death. The proportion of participants free from incident cancer was calculated using the Kaplan-Meier method.
We applied univariate and multivariable-adjusted Cox proportional hazard models to assess the relationship between incident cancer and kidney function while controlling for age, age at menarche and menopause, SBP and DBP, body mass index, fasting serum cho-lesterol and glucose, smoking status, history of oral contraceptive use, hormone replacement therapy, cardiovascular events, and sun-related skin damage. HRs of all incident cancers with reduced kidney function were then compared with those with normal kidney function in the unadjusted and multivariable-adjusted models. eGFR, as a measure of kidney function, was modeled as a continuous and categorical (Ͻ60 and Ն60 ml/min per 1.7 3m 2 ) variables. All explanatory variables that had an association with cancer at P Ͻ 0.25 in the unadjusted analyses were included in the multivariable-adjusted analyses. The least significant variables were then removed from the base model using a step-wise backward elimination process until only variables with P Ͻ 0.05 remained in the final parsimonious model. In all models, however, we adjusted for smoking status, on the basis of the prior knowledge that smoking is an independent risk factor for cancers. [42] [43] [44] We checked for any deviations from linearity in serum creatinine and eGFR using linear spline models and other continuous variables such as age, SBP and DBP, and serum blood cholesterol by categorizing each of these variables into quartiles and plotting the estimated regression coefficients against the midpoints of each of the groups. No deviations from linearity were identified. Potential effect modification was also tested between the study factor (eGFR and serum creatinine) and all other covariates using two-way interaction terms. Effect modification was found between gender and eGFR (test of interaction for gender P ϭ 0.004), so two models with different covariates were developed for men and women to assess the relationship between reduced kidney function and cancer risk. The proportional hazards assumptions of all Cox models was assessed by fitting log(time)-dependent covariates in the multivariate models and checking graphically by plotting the Schoenfeld residuals, but no variables showed evidence of departure from the proportional assumption. To assess the robustness of our results, we performed threshold analyses at the various cut points of eGFR for the prediction of cancer risk. Site-specific analyses were performed to assess the relationship between reduced kidney function and risk for common cancers.
To account for any potential measurement error that might occur when estimating GFR using a single creatinine test, we used SIMEX (simulation and extrapolation) methods. 45 SIMEX is a simulationbased method of inference that allows correction for measurement error. Using data extrapolated from published literature, we applied a value, 77.56 (ml/min per 1.73 m 2 ) 2 , for the variance of measurement error in the base case analysis. 46 We also performed sensitivity analyses using measurement error variances of 50 (ml/min per 1.73 m 2 ) 2 and 100 (ml/min per 1.73 m 2 ) 2 . To ensure that undiagnosed cancers at the time of first survey did not affect the outcomes of our study, we performed separate analyses excluding participants who had incident cancers diagnosed up to 4 yr after baseline examination. We also conducted a sensitivity analysis excluding very elderly participants (age Ն85 yr at baseline) in the study cohort to eliminate the effect of competing risk as a result of mortality. G.W. conceived and designed the study, analyzed and interpreted the results, undertook the statistical modeling, and wrote the manuscript; A.H. contributed to the analysis and interpretation of results, undertook the statistical modeling, and revised the manuscript; J.R.C. contributed to the design of the study, advised on the presentation of results, and revised the manuscript; A.C.W. contributed to the analysis and interpretation of results and revised the manuscript; J.J.W. contributed to the Blue Mountains Eye Study data set and to the interpretation and presentation of findings; P.M. was principal investigator of the Blue Mountains Eye Study, designed and obtained funding for the study, and contributed to the interpretation and revision of the manuscript; J.C.C. conceived and designed the study, analyzed and interpreted the results, advised on the presentation of results and revised the manuscript. G.W. had full access to all of the data in the study and takes responsibility for the integrity of the data and the accuracy of the data analysis.
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